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1Multiple UAVs as Relays: Multi-hop Single
Link versus Multiple Dual-hop Links
Yunfei Chen, Senior Member, IEEE, Nan Zhao, Senior Member, IEEE,
Zhiguo Ding, Senior Member, IEEE, Mohamed-Slim Alouini, Fellow, IEEE
Abstract
Unmanned aerial vehicles (UAVs) have found many important applications in communications.
They can serve as either aerial base stations or mobile relays to improve the quality of services. In this
paper, we study the use of multiple UAVs in relaying. Considering two typical uses of multiple UAVs as
relays that form either a single multi-hop link or multiple dual-hop links, we first optimize the placement
of the UAVs by maximizing the end-to-end signal-to-noise ratio for three useful channel models and
two common relaying protocols. Based on the optimum placement, the two relaying setups are then
compared in terms of outage and bit error rate. Numerical results show that the dual-hop multi-link option
is better than the multi-hop single link option when the air-to-ground path loss parameters depend on
the UAV positions. Otherwise, the dual-hop option is only better when the source-to-destination distance
is small. Also, decode-and-forward UAVs provide better performances than amplify-and-forward UAVs.
The investigation also reveals the effects of important system parameters on the optimum UAV positions
and the relaying performances to provide useful design guidelines.
I. INTRODUCTION
Unmanned aerial vehicles (UAVs) have seen a lot of new developments in recent years, due
to their decreasing cost and increasing functionality [1]. One of their important applications
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2is in communications systems as either an aerial base station or as a mobile relay [2]. For
example, in an urban area where traffic overloading often occurs or in a rural area where fixed
ground infrastructure is not cost-efficient, UAVs can be deployed as aerial base stations to
provide good quality of experience or seamless coverage [3], [4]. In the aftermath of a disaster
when communications infrastructure is damaged, UAVs can also be used to relay the urgent
messages from the ground users in the affected area to a remote base station for life-saving
search and rescue missions [5] - [7]. More UAV communications applications include device-to-
device communications [8], cellular networks [9], caching [10] and data off-loading [11]. This
paper focuses on the second application where UAVs are used as relays.
There have been quite a few works on the use of UAVs as relays. For instance, reference
[12] studied the maximization of throughput by taking the mobility of the UAV into account.
Reference [13] considered the maximization of the secrecy rate by assuming a moving UAV
for relaying. In another seminal paper [14], a variable-rate relaying approach was proposed to
maximize the achievable rate of the system when a fixed-wing UAV was used such that severe
limitation imposed by the UAV mobility has to be accounted for. In [15], the outage performance
of a UAV network was analyzed where one UAV acts as a relay between the ground station
and other UAVs. In [16], the ergodic capacity was maximized with a constraint on the symbol
error rate to find the best position of the UAV in a relaying system. Reference [17] considered a
similar problem, but the position of the UAV was optimized for a multi-rate network. As well,
in [18], the best position of the UAV was studied with respect to the flow rate for a relaying
system, in [19], the best position of the relaying UAV was studied by trying to maximize the
connectivity of the whole network, while in [20], the best position of the relaying UAV was
discussed for a system where the relaying UAV serves an aerial base station that covers several
ground users instead of serving the ground users directly.
All of the above works have provided very useful insights on the designs of UAV relaying
schemes. However, most of these works only considered the use of a single UAV as a relay,
and none of them has considered the employment of multiple UAVs as relays. Owing to the
fast development of electronics and mechanics, UAVs are becoming cheaper and more powerful.
Consequently, many civil and military applications are proposing the use of multiple UAVs as
a swarm or a flock for greater benefits [21], [22]. Hence, there is significant interest in the
design of a UAV relaying system when multiple UAVs are used as relays. Several challenges
for such a design are foreseeable. For example, the positions of these UAV relays need to be
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3carefully chosen for their best relaying performances. Similar problem has been studied for the
conventional relaying system. To name a few, reference [23] studied the optimal relay assignment
and placement to minimize the average probability of error in a sensor network. References [24]
and [25] considered the optimum relay placement in a two-hop relaying system to minimize the
end-to-end symbol error rate. Reference [26] derived the outage probability of a multi-hop free-
space optical link with obstacles and infeasible regions and then optimized the relay positions
to minimize the outage probability. Reference [27] considered the relay placement problem in
wireless sensor networks with routing path selection. These works mainly assumed identical
links on a 1D line or 2D surface. Also, they did not consider UAV channels. UAV relaying is
more complicated in that the air-to-air link and the air-to-ground link are asymmetric and that
relaying happens in a 3D space. Thus, the problem considered in this paper is different from
those studied in the literature. Also, it is important to know whether one should use these UAVs
to form a relaying system with a single communications link consisting of multiple hops or to
form a relaying system with multiple relaying links but each link only has one UAV for dual-hop
communications.
In this paper, we tackle with these challenges by studying the use of multiple UAVs in
relaying. To do this, we first study the optimum positions of the UAVs in two typical relaying
settings, where multiple UAVs form either a single multi-hop link or multiple dual-hop links.
Analytical equations for the best altitudes and distances are derived by maximizing the end-
to-end signal-to-noise ratio (SNR). In both settings, amplify-and-forward (AF) and decode-and-
forward (DF) relaying protocols are considered. Using these optimum positions, the outage and
the bit error rate performances of both settings are then derived and compared to determine
the best way of deploying multiple UAVs. Numerical results show that the multiple dual-hop
links are preferred when the parameters of the air-to-ground path loss models depend on the
UAV positions. Otherwise, a multi-hop single link is preferred when the source-to-destination
distance is large. They also show that DF outperforms AF for multiple UAVs. The effects of
various system parameters on the optimum UAV positions and the relaying performances are
also revealed to provide useful design guidelines.
The main contributions of this work can be summarized as follows:
• For the first time in the literature, it studies two different settings of multiple UAVs as either
multiple hops or multiple links in UAV relaying.
• It derives the analytical equations that determine the optimum altitudes and distances of
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4UAV relays to maximize the approximate average end-to-end SNR for best performance.
• It analyzes the performances of different settings in terms of outage probability and bit error
rate for both AF and DF protocols.
• The derivation and the comparison are conducted by using three realistic UAV channel
models in a 3D space with asymmetric air-to-air and air-to-ground links.
• The effects of various important system parameters on the optimum settings are examined
to provide useful design guidelines.
The rest of the paper is organized as follows. In Section II, the system model used in this
paper is explained. Section III derives the optimum placement of the UAVs. Using the derived
optimum placement, the performances of UAV relaying systems are analyzed in Section IV.
Section V presents the numerical results. Finally, conclusions are drawn in Section VI.
II. SYSTEM MODEL
The relaying systems considered in this paper are shown in Fig. 1. In part (a), two ground
stations are used as source and destination nodes, and they are connected by N−1 UAVs, N ≥ 3,
where the first UAV is d1 meters away from the source, the second UAV is d2 meters away from
the source and the last UAV is dN−1 meters away from the source. Thus, the distances between
the UAVs is dn−dn−1, where n = 2, 3, · · · , N−1. The distance between the two ground stations
is d meters. All the UAVs have the same altitude of h meters. This gives the best performance.
The reason is that, if they have different altitudes, there will be a vertical distance between two
UAVs. In this case, according to the geometric theory, their distance becomes the square root
of the sum of the squared vertical distance and the squared horizontal distance. This will be
larger than their horizontal distance. Hence, the performance degrades due to a larger power
loss. Adaptive altitudes may only be useful when the propagation environments are different for
different UAVs, while this work assumes the same environment for all UAVs. In part (b), two
ground stations are still connected by N −1 UAVs but instead of forming a multi-hop link, they
form N − 1 relaying links assisted by the N − 1 UAVs as independent dual-hop links. Each
UAV has an altitude of hn meters from the ground and a distance of dn meters away from the
source, n = 1, 2, · · · , N − 1. In this case, the altitudes for different UAVs are different but their
optimal altitudes will be shown later to be the same, as this is determined by the propagation
environment. The total distance between the two ground stations is still d meters. Denote hmin
as the minimum altitude for the safe flight of the UAV, so that h ≥ hmin and hn ≥ hmin.
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5Figure 1. Diagrams for the multi-hop single link setting and the dual-hop multi-link setting of the
relaying system.
All UAVs adopt orthogonal channels by transmitting signals in different time slots but at the
same frequency band to avoid interference and to simplify the design. For the multi-hop setup,
NT seconds will be required to complete the whole transmission, where T is the time duration of
the transmission in each hop and N is the number of hops. For the dual-hop setup, the source node
broadcasts the information in the first T seconds, and then each of the N−1 UAVs forwards the
received information to the destination node in their designated time slots sequentially to avoid
interference at the destination. In this case, the total time required to complete the transmission
is still NT seconds. Thus, the two setups have the same total transmission time or latency.
Since they transmit signals over the same frequency band, they have the same spectral efficiency
as well. It is possible for different UAVs to be assigned different frequency bands to enable
simultaneous operations to reduce the latency, at the cost of a reduced spectral efficiency due to
increased bandwidth required.
The two settings in Fig. 1 are two typical uses of multiple relays. It is also possible to use other
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6settings. For example, the numbers of UAVs in each hop can be different, or different links may
have different hops. They can be considered as tradeoffs between distance and reliability. These
different relaying protocols offer flexibility, but they also lead to high networking overhead and
complicated control and synchronization due to dissimilar link settings. For aerial communica-
tions with remotely controlled moving nodes, this may not be preferable. Another issue related
to these protocols is the topology of the UAV relaying network. A detailed investigation of
different relaying protocols and their associated topologies can be an interesting future research
topic but is beyond the scope of the current work.
Note that the air-to-air channels in UAV communications are normally better than the air-to-
ground channels, as the path loss can be described by free-space propagation and is dominant
with less fading in the air-to-air channels, while fading may be dominant in the air-to-ground
channels due to objects near the ground stations, in addition to more severe path loss [28].
Nevertheless, all channels are assumed to have both path loss and fading. This leads to the
following observations. For the multi-hop single link setting, the communications distances are
shorter and most communications happen in the better air-to-air channels between different UAVs
with less power loss, but it does not have any diversity gain, as there is only a single link. On
the other hand, for the dual-hop multi-link setting, the communications distances are longer
and all communications happen in the worse air-to-ground channels between UAVs and ground
stations, but it has diversity gain due to the multiple relaying links. The diversity gain is the
rate at which the performance improves with signal-to-noise ratio, and it is proportional to the
number of independent links from the source to the destination in the relaying system [29].
Thus, it is interesting to know which setting offers the best overall performance. In order to do
this, the values of dn, hn and h need to be optimized so that one can compare the best possible
performances of both settings, which will be done in the next section. Next, we will discuss the
channel models.
Assume that the path loss for the air-to-air channel can be expressed as
LAA(r) = α110 log10 r + η1, (1)
where α1 is the path loss exponent, r is the distance between two nodes and η1 is the path
loss at the reference point (1 meter in this case). This model applies to the channels between
UAVs in both part (a) and part (b) of Fig. 1. In free-space propagation, according to the Friis
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7equation, one will have α1 = 2 and η1 = 10 log10
(
4pif
c
)2
, where f is the carrier frequency and
c = 3× 108m/s is the speed of light.
Similarly, the path loss for the air-to-ground channel can be expressed as
LAG(r) = α210 log10 r + η2, (2)
where α2, r and η2 are the path loss exponent, the distance and the path loss at the reference
point of the air-to-ground channel, respectively. This model applies to the channel between the
source node and the first UAV or the channel between the destination node and the last UAV.
The above equations are for the dB value of the path loss. For the absolute value, the air-to-air
and air-to-ground path loss models are
U(r) = 10
LAA(r)
10 = β1r
α1 , (3)
and
V (r) = 10
LAG(r)
10 = β2r
α2 , (4)
respectively, where β1 = 10
η1
10 and β2 = 10
η2
10 . For free-space propagation, η1 = 10 log10
(
4pif
c
)2
so that β1 =
(
4pif
c
)2
.
A. Type A Channel Model
In this type, the path loss models have constant path loss exponent and reference path loss.
It has been revealed in many works that the air-to-air channel is very close to a free-space
propagation scenario. We use the results in [31] so that Type A channel model is given by
α1 = 2.05,
α2 = 2.32,
β1 =
(
4pif
c
)2
,
β2 =
(
4pif
c
)2
, (5)
where the air-to-ground channel has a larger path loss exponent than the air-to-air channel does.
A use case for this model is an aerial wireless sensor network, where several UAVs equipped
with sensors and radio devices fly over an area of interest to sense and collect data. More details
can be found in [31].
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8B. Type B Channel Model
In the second type, the air-to-air channel is determined by the Friis equation, while the air-
to-ground channel follows the model in [32] to give
α1 = 2,
α2 = 2,
β1 =
(
4pif
c
)2
,
β2 = 10
B
10
+ A
10+10a′e−b
′(θ−a′) , (6)
where A = ηLOS − ηNLOS , B = 10 log10
(
4pif
c
)2
+ ηNLOS , θ =
180
pi
arctan( h
d1
) is the angle of
elevation, and a′, b′, ηLOS and ηNLOS depend on the propagation environment. For suburban
areas, a′ = 5.0188, b′ = 0.3511, ηLOS = 0.1dB and ηNLOS = 21dB. Note that the path loss
model here is also a function of the altitude h through the angle of elevation θ in β2 in (6).
Increasing h will make the air-to-ground link closer to line of sight but at the same time increases
path loss [32]. Thus, the optimum altitude may exist. A use case for this model is a terrestrial
broadband radio access system, where the UAV acts as an aerial base station to provide coverage
for ground users in the system [32].
C. Type C Channel Model
In the third type, the air-to-air channel is still determined by free-space propagation, while
the air-to-ground channel follows the model in [33] such that
α1 = 2,
α2 = 3.9− 0.9 log10 h,
β1 =
(
4pif
c
)2
,
β2 = 10
−0.85h2.05, (7)
where h is the altitude. As reported in [33],1 ≤ h ≤ 120 meters in order for the model to be
valid. In this case, both the path loss exponent and the reference path loss in the air-to-ground
channel depend on the altitude but not on the distance. A use case for this model is the LTE
system, where the UAV acts as an aerial base station to serve the user equipment in the network,
as studied in [33].
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9D. End-to-End Performance
Using the above models, the end-to-end SNR of multi-hop AF relaying is shown as [30]
γee1 =
[
N∏
i=1
(1 +
1
γi
)− 1
]−1
, (8)
where γi is the SNR of the i-th hop with
γi =
Pi|gi|2
Wi · U(ri) , i = 1 or N,
γi =
Pi|gi|2
Wi · V (ri) , i = 2, · · · , N − 1, (9)
Pi is the transmission power of the i-th hop so that P1 is the transmission power of the source
node, P2 is the transmission power of UAV 1 and PN is the transmission power of UAV N − 1,
gi is the fading coefficient of the i-th hop following Nakagami-m fading, Wi is the noise power
in the i-th hop so that W1 is the noise power at UAV 1, WN−1 is the noise power at UAV N −1
and WN is the noise power at the destination node, and ri is the distance of the i-th hop so that
r1 =
√
h2 + d21, ri = di − di−1 for i = 2, · · · , N − 1 and rN =
√
h2 + (d− dN−1)2. Note that,
although both small-scale fading and large-scale path loss are considered in (9), in practice, the
direct use of (9) would lead to optimum positions that require knowledge of the instantaneous
channel state information and hence the optimum positions of the UAVs have to be adjusted
in real-time with energy-consuming acceleration and deceleration. A more practical solution is
to use the average SNR to optimize the UAV positions. This will give a suboptimal or rough
estimate of the optimum positions but can save energy for UAV operations.
We assume that gi follows a Nakagami m distribution with parameter m and average fading
power Ω and that all the fading coefficients are independent. Hence, we assume that both air-
to-air channels and air-to-ground channels suffer from path loss and fading. The Nakagami
m distribution is a very flexible fading model [35]. For example, when m = 1, it represents
Rayleigh fading, and when m→∞, it represents a non-fading channel. It can also approximate
the Rician fading with a one-to-one correspondence between m and the Rician K factor [35].
Although the Rician model is commonly used in UAV communications, it has been reported in
several works that the Nakagami model can be used to describe UAV channels too [36], [37].
For multi-hop DF relaying, the end-to-end SNR can be derived as
γee2 = min{γ1, γ2, · · · , γN}, (10)
where γi, i = 1, 2, · · · , N are defined as before.
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The above is for the multi-hop setting. For the dual-hop multi-link setting, using selection
combining, the overall SNR of dual-hop AF that chooses the link with the largest end-to-end
link SNR is given by
χee1 = max
n
{ γnAγBn
γnA + γBn + 1
}, (11)
where n = 1, 2, · · · , N − 1 is the link index, γnAγBn
γnA+γBn+1
is the end-to-end SNR of the n-th link
used for selection, γnA = PA|gnA|
2
Wn·V (rnA)
, γBn =
Pn|gBn|
2
WB ·V (rBn)
, PA is the transmission power of the
source node, Pn is the transmission power of the n-th UAV relay, gnA is the fading coefficient of
the channel between the source node and the n-th UAV relay, Wn is the noise power at the n-th
UAV, rnA =
√
h2n + d
2
n is the distance between the source node and the n-th UAV, gBn is the
fading coefficient of the channel between the n− th UAV relay and the destination node, WB is
the noise power at the destination, and rBn =
√
h2n + (d− dn)2 is the distance between the n-th
UAV and the destination. Also, gnA and gBn follow Nakagami m distributions with parameter
m and average fading power Ω. Thus, (11) is obtained by choosing the dual-hop link with the
largest link SNR from source to destination based on selection combining.
Note that selection combining is considered in this work due to its simplicity. There are other
combining schemes, such as maximum ratio combining or equal-gain combining. These schemes
often have better performances than selection combining but they require more channel knowl-
edge as well as incur more network overheads, which may not be desirable in the considered
applications, especially in relaying systems with more than one hop and more than two nodes.
Thus, they are not investigated here.
For multiple links using dual-hop DF, the end-to-end SNR is given by
χee2 = max
n
{min{γnA, γBn}}. (12)
We will maximize the end-to-end SNR for different relaying protocols with respect to the
values of dn, hn and h in the next section.
III. PLACEMENT OPTIMIZATION
In order to compare the multi-hop single link setting with the dual-hop multi-link setting, we
need to find the optimum altitudes and distances that maximize the end-to-end SNR. We will do
this for three different types of channel models. Note that these models are suitable for different
applications in different scenarios such that there is no performance comparison between them.
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A. Type A Channel Model
We start with the exact end-to-end SNR for multi-hop AF, γee1, as given in (8). From (8),
maximizing γee1 is equivalent to minimizing
∏N
i=1(1+
1
γi
). Thus, using (9), we need to minimize
the following value
Hee1(h, d1, · · · , dN−1) =
(
1 +
W1β2(h
2 + d21)
α2
2
P1|g1|2
)
(
1 +
WNβ2(h
2 + (d− dN−1)2)
α2
2
PN |gN |2
)
N−1∏
i=2
(
1 +
Wiβ1(di − di−1)α1
Pi|gi|2
)
, h ≥ hmin, (13)
with respect to the altitude and the relevant distances. However, this optimization would give
optimum altitudes and distances as functions of the fading coefficients g1, g2, · · · , gN . Since
these fading coefficients are random, or at least change from time to time, the optimum altitudes
and distances have to change from time to time too. This may not be desirable in practice, as
acceleration and deceleration of the UAVs will consume a significant amount of energy. Also,
it may be difficult to obtain the channel state information. A simpler alternative is to first take
the average of (13) over the fading coefficients to eliminate the fading coefficients and then
optimize the average. Since the fading coefficients follow independent and identical Nakagami
m distributions with parameter m and average fading power Ω, the average of (13) can be
calculated as
Jee1(h, d1, · · · , dN−1) =
(
1 +
W1β2(h
2 + d21)
α2
2
P1Ω
)
(
1 +
WNβ2(h
2 + (d− dN−1)2)
α2
2
PNΩ
)
N−1∏
i=2
(
1 +
Wiβ1(di − di−1)α1
PiΩ
)
, h ≥ hmin, (14)
where several integrals of
∫∞
0
(1 + c
x
)(m
Ω
)mx
m−1
Γ(m)
e−
m
Ω
xdx are solved using [34, eq. (3.381.4)] to
give (1 + c
Ω
), c is a constant that equals to different values for different terms in (13) and
(m
Ω
)mx
m−1
Γ(m)
e−
m
Ω
x is the probability density function of |gi|2 for i = 1, 2, · · · , N . Hence, (14) can
simply be obtained from (13) by replacing the instantaneous fading power |gi|2 with the average
fading power Ω. Note that (14) is the average of (13), not the average end-to-end SNR. The
average end-to-end SNR is calculated by averaging (8) over the fading coefficients. However,
this calculation does not lead to any tractable expression for optimization, due to the inverse
function. Thus, it is not discussed here.
We use (14) as the target function for optimization in the following. For other channel models
and other SNR expressions, this method is also used. Since the fading coefficients are eliminated
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by the averaging operation, the transmitters do not need the channel state information and will
not have this knowledge.
It can be shown that (14) is a convex function, as its second-order derivatives with respect
to h, d1, · · · , dN−1 are larger than 0. Similar arguments can also be made for other objective
functions, which are omitted in the paper. To optimize it by taking the first-order derivative of
(14) with respect to h, one has
∂Jee1
∂h
=

 W1β2(h2+d21)
α2
2 −1α2h
P1Ω
1 +
W1β2(h2+d21)
α2
2
P1Ω
+
WNβ2(h
2+(d−dN−1)
2)
α2
2 −1α2h
PNΩ
1 + WNβ2(h
2+(d−dN−1)2)
α2
2
PNΩ

 Jee1. (15)
One can see that (15) only equals to 0 when h = 0. Thus, in this case, the optimum altitude
would be hˆ = 0. In practice, since h ≥ hmin for safety reason, hˆ = hmin.
Also, by taking the first-order derivatives of (14) with respect to d1, d2, · · · , dN−1 and setting
them to zero, the optimum distances, dˆ1, dˆ2, · · · , dˆN−1, satisfy
W1β2(hˆ2+dˆ21)
α2
2 −1α2dˆ1
P1Ω
1 +
W1β2(hˆ2+dˆ21)
α2
2
P1Ω
=
W2β1α1(dˆ2−dˆ1)α1−1
P2Ω
1 + W2β1(dˆ2−dˆ1)
α1
P2Ω
= · · · =
WNβ2(hˆ
2+(d−dˆN−1)
2)
α2
2 −1α2(d−dˆN−1)
PNΩ
1 + WNβ2(hˆ
2+(d−dˆN−1)2)
α2
2
PNΩ
. (16)
A special case occurs when the transmission SNRs at different nodes are the same. In this case,
Pi
Wi
= P
W
for i = 1, 2, · · · , N . Thus, from (16),
dˆ1 = d− dˆN−1 = bˆ,
dˆ2 − dˆ1 = dˆ3 − dˆ2 = · · · = dˆN−1 − dˆN−2 = aˆ = d− 2bˆ
N − 2 , (17)
where bˆ is determined by
β2(hˆ
2 + bˆ2)
α2
2
−1α2bˆ
PΩ
W
+ β2(hˆ2 + bˆ2)
α2
2
=
β1α1(
d−2bˆ
N−2
)α1−1
PΩ
W
+ β1(
d−2bˆ
N−2
)α1
, (18)
for 0 < bˆ < d
2
. One sees from (18) that, when the average SNR is large, the two denominators
are the same and can be cancelled out at both sides of the equation. In this case, the optimum
distances do not depend on the average SNR but only on the path loss model parameters, the
optimum altitude and the number of hops.
Next, we focus on the multi-hop DF γee2. Following exactly the same procedure, the objective
function to be minimized in this case is
Jee2(h, d1, · · · , dN−1) = max{W1β2(h
2 + d21)
α2
2
P1Ω
,
W2β1(d2 − d1)α1
P2Ω
,
· · · , WNβ2(h
2 + (d− dN−1)2)
α2
2
PNΩ
}, h ≥ hmin. (19)
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Each element inside the maximum function is convex, as their second-order derivatives with
respect to h, d1, · · · , dN−1 are larger than 0. According to the convex optimization theory [38],
element-wise maximum preserves convexity so that the whole function in (19) is also convex.
Similar arguments can also be made for other objective functions, which are omitted in the paper.
The optimum altitude is again hˆ = hmin in practice. The optimum distances are derived from
W1β2(hˆ
2 + dˆ21)
α2
2
P1Ω
=
W2β1(dˆ2 − dˆ1)α1
P2Ω
= · · · = WNβ2(hˆ
2 + (d− dˆN−1)2)
α2
2
PNΩ
. (20)
In the special case when Pi
Wi
= P
W
, the optimum distances can be calculated from (17), where bˆ
is determined by
β2(hˆ
2 + bˆ2)
α2
2 = β1(
d− 2bˆ
N − 2)
α1 . (21)
Next, we consider the dual-hop multi-link setting. In this case, the UAVs are independent so
that hn and dn can be optimized separately for different links. Thus, we can optimize the link
end-to-end SNR instead.
For χee1, it can be shown that one needs to minimize the objective function
Kee1(hn, dn) =
(
1 +
Wnβ2(h
2
n + d
2
n)
α2
2
PAΩ
)
(1 +
WBβ2(h
2
n + (d− dn)2)
α2
2
PnΩ
), hn ≥ hmin, (22)
for n = 1, 2, · · · , N − 1. By taking the first-order derivatives of (22) with respect to hn and dn,
it can be shown that the optimum altitude would be hˆn = 0 but is hˆn = hmin in practice, and
the optimum distance is derived from
Wnβ2(hˆ2n+dˆ
2
n)
α2
2 −1α2dˆn
PAΩ
1 + Wnβ2(hˆ
2
n+dˆ
2
n)
α2
2
PAΩ
=
WBβ2(hˆ
2
n+(d−dˆn)
2)
α2
2 −1α2(d−dˆn)
PnΩ
1 + WBβ2(hˆ
2
n+(d−dˆn)
2)
α2
2
PnΩ
. (23)
In the case when PA
Wn
= Pn
WB
= P
W
, it can be easily derived that the optimum distance is dˆn = d2 .
For χee2, the practical optimum altitude is hˆn = hmin and the optimum distance is determined
by
Wnβ2(hˆ
2
n + dˆ
2
n)
α2
2
PAΩ
=
WBβ2(hˆ
2
n + (d− dˆn)2)
α2
2
PnΩ
. (24)
When PA
Wn
= Pn
WB
= P
W
, the optimum distance is dˆn = d2 .
In summary, for the multi-hop single link setting, the practical optimum altitude is always
hmin, and the optimum distances can be obtained by solving N − 1 nonlinear equations. When
Pi
Wi
= P
W
, only one nonlinear equation needs to be solved. For the dual-hop multi-link setting,
the practical optimum altitude is always hmin. The optimum distance can be found by solving
one nonlinear equation. In the case of PA
Wn
= Pn
WB
, the optimum distance is always d
2
.
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B. Type B Channel Model
We start with the maximization of the exact end-to-end SNR for multi-hop AF as γee1. The
objective function is similar to that in (14), except that β2 is replaced by β2(h, d) to show its
dependence on h and d explicitly. The optimization method is also similar. Thus we only show
the final results to reduce the redundancy in the derivation. It can be shown that the optimum
altitude and distances satisfy
W1
P1Ω
(hˆ2 + dˆ21)
α2
2 [∂β2(hˆ,dˆ1)
∂hˆ
+ β2(hˆ, dˆ1)
α2hˆ
hˆ2+dˆ21
]
1 +
W1β2(hˆ,dˆ1)(hˆ2+dˆ21)
α2
2
P1Ω
+
WN
PNΩ
(hˆ2 + (d− dˆN−1)2)
α2
2 [∂β2(hˆ,d−dˆN−1)
∂hˆ
+ β2(hˆ, d− dˆN−1) α2hˆhˆ2+(d−dˆN−1)2 ]
1 + WNβ2(hˆ,d−dˆN−1)(hˆ
2+(d−dˆN−1)2)
α2
2
PNΩ
= 0, (25)
and
W1
P1Ω
(hˆ2 + dˆ21)
α2
2 [∂β2(hˆ,dˆ1)
∂dˆ1
+ β2(hˆ, dˆ1)
α2dˆ1
hˆ2+dˆ21
]
1 +
W1β2(hˆ,dˆ1)(hˆ2+dˆ21)
α2
2
P1Ω
=
W2β1α1(dˆ2−dˆ1)α1−1
P2Ω
1 + W2β1(dˆ2−dˆ1)
α1
P2Ω
= · · ·
=
WN
PNΩ
(hˆ2 + (d− dˆN−1)2)
α2
2 [∂β2(hˆ,d−dˆN−1)
∂(d−dˆN−1)
+ β2(hˆ, d− dˆN−1) α2(d−dˆN−1)hˆ2+(d−dˆN−1)2 ]
1 + WNβ2(hˆ,d−dˆN−1)(hˆ
2+(d−dˆN−1)2)
α2
2
PNΩ
,
(26)
where one has from (6)
∂β2(h, x)
∂h
= β2(h, x)
180xA ln(10)
10pi(h2 + x2)
a′b′e−b
′( 180
pi
arctan(h/x)−a′)
(1 + a′e−b
′( 180
pi
arctan(h/x)−a′))2
,
∂β2(h, x)
∂x
= −β2(h, x)180hA ln(10)
10pi(h2 + x2)
a′b′e−b
′( 180
pi
arctan(h/x)−a′)
(1 + a′e−b
′( 180
pi
arctan(h/x)−a′))2
. (27)
For multi-hop DF γee2, similarly, the optimum altitude and the optimum distances satisfy
∂β2(hˆ, dˆ1)
∂hˆ
+ β2(hˆ, dˆ1)
α2hˆ
hˆ2 + dˆ21
= 0, (28)
and
W1
P1Ω
β2(hˆ, dˆ1)(hˆ
2 + dˆ21)
α2
2 =
W2β1(dˆ2 − dˆ1)α1
P2Ω
= · · ·
=
WN
PNΩ
β2(hˆ, d− dˆN−1)(hˆ2 + (d− dˆN−1)2)
α2
2 . (29)
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In the dual-hop multi-link setting, the procedures are very similar to before. In this case, for
dual-hop multi-link AF χee1, the optimum values of hˆn and dˆn can be solved from the following
two nonlinear equations
Wn[
∂β2(hˆn,dˆn)
∂hˆn
+β2(hˆn,dˆn)
α2hˆn
hˆ2n+dˆ
2
n
]
PAΩ(hˆ2n+dˆ
2
n)
−
α2
2
1 + Wnβ2(hˆn,dˆn)
PAΩ
(hˆ2n + dˆ
2
n)
α2
2
+
WB [
∂β2(hˆn,d−dˆn)
∂hˆn
+β2(hˆn,d−dˆn)
α2hˆn
hˆ2n+(d−dˆn)
2 ]
PAΩ(hˆ2n+(d−dˆn)
2)−
α2
2
1 + WBβ2(hˆn,d−dˆn)
PAΩ
(hˆ2n + (d− dˆn)2)
α2
2
= 0,
Wn[
∂β2(hˆn,dˆn)
∂dˆn
+β2(hˆn,dˆn)
α2dˆn
hˆ2n+dˆ
2
n
]
PAΩ(hˆ2n+dˆ
2
n)
−
α2
2
1 + Wnβ2(hˆn,dˆn)
PAΩ
(hˆ2n + dˆ
2
n)
α2
2
=
WB [
∂β2(hˆn,d−dˆn)
∂(d−dˆn)
+β2(hˆn,d−dˆn)
α2(d−dˆn)
hˆ2n+(d−dˆn)
2 ]
PAΩ(hˆ2n+(d−dˆn)
2)−
α2
2
1 + WBβ2(hˆn,d−dˆn)
PAΩ
(hˆ2n + (d− dˆn)2)
α2
2
. (30)
For χee2, the two equations are
∂β2(hˆn, dˆn)
∂hˆn
+ β2(hˆn, dˆn)
α2hˆn
hˆ2n + dˆ
2
n
= 0,
Wnβ2(hˆn, dˆn)
(hˆ2n + dˆ
2
n)
−
α2
2
− WBβ2(hˆn, d− dˆn)
(hˆ2n + (d− dˆn)2)−
α2
2
= 0. (31)
In summary, the optimum altitude and the optimum distances for the multi-hop single link
setting can be found by solving N nonlinear equations. In the special case when Pi
Wi
= P
W
, it
can be shown that one only needs to solve two nonlinear equations. For the dual-hop multi-link
setting, one needs to solve two nonlinear equations and in the special case, one nonlinear equation
for the optimum altitude and the optimum distance is always d
2
. In practice, the optimum altitude
takes the maximum of hmin and the solution from the equation.
C. Type C Channel Model
In this type, the path loss model parameters of the air-to-ground channel depend on the altitude
only. We use α2(h) and β2(h) to replace α2 and β2, respectively, to show this dependence
explicitly. They are defined in (7).
For the multi-hop AF, the optimum altitude satisfies
W1[
∂β2(hˆ)
∂hˆ
+ β2(hˆ)(
∂α2(hˆ)
2∂hˆ
ln(hˆ2 + dˆ21) +
α2(hˆ)hˆ
hˆ2+dˆ21
)]
P1Ω(hˆ2 + dˆ21)
−α2(hˆ)
2 [1 + W1
P1Ω
β2(hˆ)(hˆ2 + dˆ21)
α2(hˆ)
2 ]
+
WN [
∂β2(hˆ)
∂hˆ
+ β2(hˆ)(
∂α2(hˆ)
2∂hˆ
ln(hˆ2 + (d− dˆN−1)2) + α2(hˆ)hˆhˆ2+(d−dˆN−1)2 )]
PNΩ(hˆ2 + (d− dˆN−1)2)−
α2(hˆ)
2 [1 + WN
PNΩ
β2(hˆ)(hˆ2 + (d− dˆ1)2)
α2(hˆ)
2 ]
= 0, (32)
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and the optimum distances satisfy
W1β2(hˆ)
P1Ω
(hˆ2 + dˆ21)
α2(hˆ)
2
−1α2(hˆ)dˆ1
1 + W1β2(hˆ)
P1Ω
(hˆ2 + dˆ21)
α2(hˆ)
2
=
W2β1
P2Ω
(dˆ2 − dˆ1)α1−1α1
1 + W2β1
P2Ω
(dˆ2 − dˆ1)α1
= · · ·
=
WNβ2(hˆ)
PNΩ
(hˆ2 + (d− dˆN−1)2)
α2(hˆ)
2
−1α2(hˆ)(d− dˆN−1)
1 + WNβ2(hˆ)
PNΩ
(hˆ2 + (d− dˆN−1)2)
α2(hˆ)
2
, (33)
where
∂β2(h)
∂h
= 2.05× 10−0.85h1.05,
∂α2(h)
∂h
= − 0.9
h ln 10
. (34)
For multi-hop DF γee2, the optimum altitude and distances satisfy
∂β2(hˆ)
∂hˆ
+ β2(hˆ)(
∂α2(hˆ)
2∂hˆ
ln(hˆ2 + dˆ21) +
α2(hˆ)hˆ
hˆ2 + dˆ21
) = 0, (35)
W1β2(hˆ)
P1Ω
(hˆ2 + dˆ21)
α2(hˆ)
2 =
W2β1
P2Ω
(dˆ2 − dˆ1)α1 = · · · = WNβ2(hˆ)
PNΩ
(hˆ2 + (d− dˆN−1)2)
α2(hˆ)
2 . (36)
Next, we discuss the dual-hop multi-link setting. In this case, for χee1, one has
Wn[
∂β2(hˆn)
∂hˆn
+ β2(hˆn)(
∂α2(hˆn)
2∂hˆn
ln(hˆ2n + dˆ
2
n) +
α2(hˆn)hˆn
hˆ2n+dˆ
2
n
)]
PAΩ(hˆ2n + dˆ
2
n)
−α2(hˆn)
2 [1 + Wn
PAΩ
β2(hˆn)(hˆ2n + dˆ
2
n)
α2(hˆn)
2 ]
+
WB[
∂β2(hˆn)
∂hˆn
+ β2(hˆn)(
∂α2(hˆn)
2∂hˆn
ln(hˆ2n + (d− dˆn)2) + α2(hˆn)hˆnhˆ2n+(d−dˆn)2 )]
PnΩ(hˆ2n + (d− dˆn)2)−
α2(hˆn)
2 [1 + WB
PnΩ
β2(hˆn)(hˆ2n + (d− dˆn)2)
α2(hˆn)
2 ]
= 0, (37)
Wnβ2(hˆn)
PAΩ
(hˆ2n + dˆ
2
n)
α2(hˆn)
2
−1dˆn
1 + Wnβ2(hˆn)
PAΩ
(hˆ2n + dˆ
2
n)
α2(hˆn)
2
=
WBβ2(hˆn)
PnΩ
(hˆ2n + (d− dˆn)2)
α2(hˆn)
2
−1(d− dˆn)
1 + WBβ2(hˆn)
PnΩ
(hˆ2n + (d− dˆn)2)
α2(hˆn)
2
, (38)
to find the optimum values of hn and dn. For χee2, one has
∂β2(hˆn)
∂hˆn
+ β2(hˆn)(
∂α2(hˆn)
2∂hˆn
ln(hˆ2n + dˆ
2
n) +
α2(hˆn)hˆn
hˆ2n + dˆ
2
n
) = 0, (39)
Wn
PAΩ
(hˆ2n + dˆ
2
n)
α2(hˆn)
2 =
WB
PnΩ
(hˆ2n + (d− dˆn)2)
α2(hˆn)
2 . (40)
In the above derivation, the results for the multi-hop AF and DF in three different UAV
channels have never been obtained in the literature before. The results for the dual-hop AF
and DF in Type B and Type C channels have not been obtained before either, due to the
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special characteristics of Type B and Type C channels. The only result that is similar to those
in the literature [23] - [27] is the derivation for the dual-hop AF and DF in Type A channel.
Nevertheless, it is presented here for completeness and for comparison. Thus, most of our results
are new.
IV. PERFORMANCE COMPARISON
In this section, we compare the two relaying options using multiple UAVs in terms of the
outage and the bit error rate (BER). In [39], using the method proposed in [40], very accurate
approximations to the outage and the BER of multi-hop AF have been derived. In particular, for
γee1, one has the outage as [39]
PO(γth) =
1
2
+
∫ pi
2
0
Re{e
−j tan θ/γthΦ(tan θ)
jpi tan θ
} sec2 θdθ, (41)
where Re{·} takes the real part of a complex number and Φ(·) is the characteristic function given
by Φ(ω) = M(s)|s=−jω, M(s) =
∏N
i=1
[
2
Γ(m)
(
mcˆs
Γi
)m
2
Km(2
√
mcˆs
Γi
)
]
is the moment-generating
function, Km(·) is the m-th order modified Bessel function of the second type, cˆ =
∑N
i=1
1
Γi∏N
i=1(1+
1
Γi
)−1
is a constant, while Γi = PiΩWiU(ri) for i = 1 or N and Γi =
PiΩ
WiV (ri)
for i = 2, · · · , N − 1 is the
average SNR of the i-th hop. To find them, the optimum altitude and the optimum distances
derived in the previous section can be used to calculate ri.
Also, for γee1, the BER for binary phase shift keying is [39]
P¯e =
1
2
− 1
pi
∫ pi
2
0
M(tan θ) sin(2
√
tan θ)
tan θ
sec2 θdθ. (42)
For the multi-hop DF γee2, the outage and the BER can be calculated as [30]
PO(γth) = 1−
N∏
i=1
(1− γ(m,mγth/Γi)
Γ(m)
), (43)
and
P¯e =
∫ ∞
0
e−x√
x
[1−
N∏
i=1
(1− γ(m,mx/Γi)
Γ(m)
)]dx, (44)
respectively, where Γ(·) is the Gamma function and γ(·, ·) is the incomplete Gamma function.
The outage probability of multi-hop DF is defined as PO(γth) = Pr{γee2 < γth} in this
paper. Using (10), this gives Pr{γee2 < γth} = Pr{min{γ1, γ2, · · · , γN} < γth} = 1 −
Pr{min{γ1, γ2, · · · , γN} > γth} = 1 −
∏N
i=1 Pr{γi > γth} = 1 −
∏N
i=1[1 − Pr{γi < γth}],
where we have used the independence of the link SNRs in the third equality and Pr{γi < γth}
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can be considered as the outage probability of the i-th hop. Thus, the overall outage of DF does
depend on the hop SNRs, either indirectly via the end-to-end SNR γee2 in Pr{γee2 < γth} or
directly via the hop SNRs in Pr{γi < γth}. These two methods are equivalent. Specifically, the
overall link will have an outage event as long as any of the hops have an outage event so that
the outage events in different hops are reflected in the overall outage.
For the dual-hop multi-link setting, since selection combining is used, one has the outage and
the BER as
PO = F
N−1(γth), (45)
and
P¯e =
1√
4pi
∫ ∞
0
FN−1(x)
e−x√
x
dx, (46)
where one has [41]
F (x) = 1− 2m
m(m− 1)!e− mΓ1 x− mΓ2 x
Γm2 Γ(m)Γ(m)
m1−1∑
i1=0
i1∑
i2=0
m−1∑
i3=0
(
i1
i2
) (
m−1
i3
)
i1!
(
m
Γ2
)
i2−i3−1
2 (
m
Γ1
)
2i1−i2+i3+1
2
x
2i1+2m−i2−i3−1
2 (x+ 1)
i2+i3+1
2 Ki2−i3−1(2
√
m2x(1 + x)
Γ1Γ2
), (47)
for AF χee1, and
F (x) = 1− (1− γ(m,mx/Γ1)
Γ(m)
)(1− γ(m,mx/Γ2)
Γ(m)
), (48)
for DF χee2. In the above equations, Γ1 = PΩ
WU(
√
h2n+d
2
n)
and Γ2 = PΩ
WU(
√
h2n+(d−dn)
2)
, where hn
and dn can be replaced by the optimum altitude and distance calculated in the previous section.
These outage and BER expressions have been extensively studied and verified by simulation in
the literature. Interested readers can find more details in [39], [30] and [41] and the references
therein.
V. NUMERICAL RESULTS AND DISCUSSION
In this section, numerical examples of the results derived in the previous sections are presented.
Since the optimum altitudes and distances depend on the average fading power only, no channel
fading is used to find these optimum locations but channel fading is used in the numerical results
to calculate the outage and bit error rate, as can be seen from Section IV. In the calculation,
we set P = 10 dBm, W = −100 dBm, m = 1 and Ω = 1. Other cases and settings can be
examined in a similar way but due to the limited space, we do not discuss them here.
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Figure 2. Optimum a and b vs. d for the multi-hop single link setting in Type A channel model.
A. Type A Channel Model
In this case, we set f = 2 GHz and the path loss model parameters are calculated by (5).
For Type A channel model, the optimum altitudes for both multi-hop single link and dual-hop
multi-link are zero or the minimum allowed safe altitude, and the optimum distance for the dual-
hop multi-link setting is always d
2
. Thus, they are not discussed here and we only examine the
optimum distances for the multi-hop single link setting. We set a practical limit of hmin = 50 m.
Note that the optimum distances can be calculated from the optimum a and b using (17).
Fig. 2 shows the optimum a and b vs. d for the multi-hop single link setting in Type A channel
model. Several observations can be made. Firstly, the optimum values of a and b increase linearly
with d, when N is fixed. This agrees with intuition, as the distances between nodes will increase
when they are used to cover a longer distance. Secondly, DF has a smaller aˆ than AF and
hence, a larger bˆ than AF, under the same conditions. This means that in multi-hop DF, the
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Figure 3. Outage and BER vs. d for Type A channel model when N = 3.
optimum UAV spacing is smaller and the distance between source (or destination) and the UAV
is larger than multi-hop AF. Thus, DF may be more suitable for a large disaster-affected area
that requires longer distance between the ground and the UAV. Thirdly, when N increases, the
spacing between nodes decreases, as expected. The difference between AF and DF also decreases
when N increases. It can also be shown that the altitude has very limited effect on the optimum
values of a and b. To save space, it is not presented here.
Using the derived optimum distances, Figs. 3 and 4 compare the outage and BER performance
of the multi-hop single link setting with those of the dual-hop multi-link setting. Several important
observations can be made. Firstly, as the distance increases, the outage and BER performances
degrade in all cases, as more path loss will be incurred in each hop for a fixed number of UAV
relays. Secondly, the performance of the multi-hop single link setting is better than that of the
dual-hop multi-link setting when d is large and worse when d is small. For example, in Fig. 4
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Figure 4. Outage and BER vs. d for Type A channel model when N = 7.
when N = 7, the multi-link setting has lower outage and BER than the multi-hop setting when
d < 1000 m. This important observation implies that, when multiple UAVs are used to cover
a long distance, one should form a multi-hop single link relaying system and otherwise form
a dual-hop multi-link relaying system. Our results quantify the threshold distances in different
cases for best design choices. Thirdly, it is also noted that DF outperforms AF in most cases for
both multi-hop and multi-link settings. Thus, DF is preferred in applications where performance
is more important than complexity.
B. Type B Channel Model
In this case, we consider the suburban area where a′ = 5.0188, b′ = 0.3511, ηLOS = 0.1dB
and ηNLOS = 21dB for (6). We choose f = 2 GHz and hmin = 1 m. For the special case when
all the transmission SNRs are the same for all hops, the optimum distances for the dual-hop
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Figure 5. Optimum a and b vs. d in the multi-hop single link setting for Type B channel model.
multi-link setting are always d
2
. Thus, we only examine the optimum distances for the multi-hop
single link setting and the optimum altitudes for both settings.
Fig. 5 shows the optimum a and b in the multi-hop single link setting. Again, the optimum
a and b increase linearly with d in the cases considered. The UAV spacing decreases when N
increases, and DF has a smaller optimum a and larger optimum b than AF. Fig. 6 shows the
optimum h in both settings, for Type B channel model. Since the optimum altitudes for χee1, and
χee2 are the same for the multi-link setting, there is only one curve for the multi-link case. One
can see that the optimum altitude in all cases increases linearly with the distance d. However,
the multi-link case has a larger optimum altitude than the multi-hop case, as high altitude is
required for the dual-hop multi-link setting in order to reduce path loss. The optimum altitude
for the multi-link case does not depend on N , as these UAVs operate independently for each
link. The optimum altitude for the multi-hop single link case decreases with N , as larger N
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Figure 6. Optimum h vs. d for Type B channel model.
means less spacing between UAVs and hence, lower altitude to keep the elevation angle.
Fig. 7 compares the multi-hop single link setting with the dual-hop multi-link setting. In this
case, there is no crossover between the multi-hop single link setting and the dual-hop multi-link
setting, but their performances are indistinguishable at large distances. In all cases, the dual-
hop multi-link setting outperforms the multi-hop single link setting. Thus, for Type B channel
model, it is beneficial to use multiple UAVs to form a dual-hop multi-link relaying system. This
is because the diversity gain achieved by the multiple links always outweighs the smaller path
loss achieved by multiple hops, or the path loss in the air-to-ground channel is not large enough.
One can also see that DF is better than AF in this figure. Similar observations can be made for
N = 7 and to save space, it is not presented here.
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Figure 7. Outage and BER vs. d for Type B channel model when N = 3.
C. Type C Channel Model
In this model, we set f = 800 MHz to be consistent with the measurement in [28]. Also,
the altitude is restricted as 1 ≤ h ≤ 120 m imposed by [28] so that hmin = 1 m. Since the
opitmum distance is always d
2
for the dual-hop multi-link setting, we only examine the optimum
distances for the multi-hop single link setting and the optimum altitudes for both settings.
Fig. 8 shows the optimum a and b that can be used to calculate the optimum distances in
the multi-hop single link setting. In this figure, DF again has a smaller optimum a and a larger
optimum b than AF in most cases. Interestingly, unlike the other channel models, in Type C
channel model, aˆ crosses with bˆ, suggesting that for large distances of d, there should be less
spacing between source (or destination) and UAV than between UAVs. The threshold increases
with N . Fig. 9 shows the optimum altitude for both settings in Type C channel model. There is
only one curve for the multi-link case, because χee1 and χee2 have the same optimum altitude.
July 18, 2018 DRAFT
25
100 200 300 400 500 600 700 800 900 1000
d (m)
0
200
400
600
800
O
pt
im
um
 a
 o
r b
 (m
) N=3
100 200 300 400 500 600 700 800 900 1000
d (m)
0
50
100
150
200
O
pt
im
um
 a
 o
r b
 (m
) N=7
Figure 8. Optimum a and b vs. d in the multi-hop single link setting for Type C channel model.
One can see that for multi-hop AF, the optimum altitude is always 1 meter in this figure, as in
these cases, the increase of path loss in β2 cannot be compensated by the decrease of the path
loss exponent α2, when h increases. For multi-hop DF, the observation is very similar, except that
when N = 3, the optimum altitude starts to increase with d when d > 700 m. On the other hand,
for the dual-hop multi-link setting, the optimum altitude starts from 1 meter and increases with
d when d > 400 m and then stay at 120 meters when d > 650 m, suggesting that low altitude
should be used for small distance and high altitude should be used for large distance. This is
mainly caused by the limitation of the model in [28] that the altitude must be between 1 meter
and 120 meters. Fig. 10 compares the multi-hop single link setting with the dual-hop multi-link
setting. In this case, the dual-hop multi-link setting always has smaller outage and BER than
the multi-hop single link setting, and the performance difference is considerable. Hence, the
multiple UAVs should be used to form multiple links in this channel model.
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Figure 9. Optimum h vs. d for Type C channel model.
Note that, in the most general case when all UAVs have different transmission SNRs, up to N
non-linear equations need to be solved in order to find the optimum altitudes and distances. The
computational complexity also increases when N increases for larger systems. In our calculation,
we solved four non-linear equations in Type B channel model for 7 UAVs by using MATLAB
that runs on a desktop with i7-3770 CPU and 16 G memory. This takes about 2.4 seconds,
which seems to be reasonable. Also, N cannot be too large, as this not only increases the
computational complexity but also increases the control overhead too. It is very difficult to
implement coordination and collision avoidance for a large swarm. Thus, practical systems may
not have a large N . Moreover, the computation is on-off and can be performed offline, as the
parameters of d, Ω, P and W are normally fixed. Thus, even for large systems, as long as the
computation is performed well in advance, this may not be an issue. Finally, if the UAVs use
the same transmission SNR to save control overheads, only one or two non-linear equations
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Figure 10. Outage and BER vs. d for Type C channel model when N = 3.
need to be solved so that the complexity does not scale up with N . Note also that the results
are presented here in terms of outage and bit error rate, while the optimization is performed for
the SNR. It is very difficult to optimize the outage and the bit error rate with respect to the
placement directly, due to the non-linear relationship between the SNR and the outage or bit
error rate. In fact, as can be seen from Section IV, the outage and bit error rate do not have any
closed-form expressions for optimization in most cases. Thus, we maximize the SNR instead,
as a higher SNR generally leads to better outage and bit error rate performances.
VI. CONCLUSION
In this paper, the use of multiple UAVs in wireless relaying has been studied. The optimum
positions of the UAVs in two typical relaying options of a single multi-hop link and multiple dual-
hop links have been derived by maximizing the approximate average end-to-end SNR for both
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AF and DF. The outage and the BER performances of these two options have been compared.
Numerical results have shown that the multiple dual-hop links option is preferred in air-to-
ground channels whose path loss parameters are functions of UAV positions. When the path
loss parameters are independent of UAV positions, the multi-hop single link is a better option
only for large distances between source and destination. In the comparison, it has also been
shown that DF is a better option than AF. These optimizations require solutions to complicated
non-linear equations. However, this only needs to be done once and can be performed offline
by the ground controller before the launch of the UAV, as the optimum positions depend on
constants in the propagation environment that do not change with time.
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